Using density-functional theory ͑DFT͒ we present a detailed theoretical study of MoS 2 nanoparticles. We focus on the edge structures, and a number of different edge terminations are investigated. Several, but not all, of these configurations have one-dimensional metallic states localized at the edges. The electronic structure of the edge states is studied and we discuss their influence on the chemical properties of the edges. In particular, we study the reactivity towards hydrogen and show that hydrogen may form stable chemical bonds with both the two low-Miller indexed edges of MoS 2 . A model for calculating Gibbs free energy of the edges in terms of the DFT energies is also presented. This model allows us to determine the stable edge structure in thermodynamic equilibrium under different conditions. We find that both the insulating and metallic edges may be stable depending on the temperature and the composition of the gas phase. Using the Tersoff-Hamann formalism, scanning-tunneling microscopy ͑STM͒ images of the edges are simulated for direct comparison with recent STM experiments. In this way we identify the experimentally observed edge structure.
I. INTRODUCTION
MoS 2 is a remarkable material in the sense that it has a number of interesting, yet very different, properties. Here we name four: ͑i͒ the ability to form nanotubes. MoS 2 is a layered material and experimentally it has been demonstrated that a single layer of MoS 2 , like graphene, can be warped into nanotubes. 1 ͑ii͒ MoS 2 can work as a catalyst. MoS 2 particles form the basis for the catalyst used in the hydrodesulferization ͑HDS͒ process. 2 This is one of the first steps in oil refining where sulfur is removed from the crude oil. It is generally believed that the active sites are located at the edges of the catalyst particles and are associated with the presence of coordinatively unsaturated Mo atoms. ͑iii͒ MoS 2 is an effective solid lubricant. MoS 2 fullerenelike particles have been reported to have very low friction and wear properties. 3, 4 This makes MoS 2 an important material when liquid lubricants are impractical, such as in space technology and ultrahigh vacuum. ͑iv͒ MoS 2 can generate onedimensional, conducting-electron states. Recently we reported that one-dimensional, metallic states are localized at the edges of MoS 2 nanoparticles. 5 Experimentally triangular shaped, single-layer MoS 2 nanoparticles can be grown on a reconstructed Au͑111͒ surface 6 and studied using scanningtunneling microscopy ͑STM͒. 7, 8 In Ref. 5 we showed that a bright brim of high conductance extending along the edges of the MoS 2 nanoclusters is associated with such a metallic edge state.
In this paper we present a detailed theoretical study of single-layer MoS 2 nanostructures. The focus is on the edges of the nanoparticles, and their structural and electronic properties are analyzed using density-functional theory ͑DFT͒. In particular, we shall investigate the two low-Miller index edges: the so-called Mo edge and S edge. We show that one-dimensional edge states are localized at both types of edges but we also find that their electronic structure is crucially dependent on the edge termination. For instance, the different structures may be either metallic or insulating. The electronic structure ultimately also determines the chemical properties. Using hydrogen as a probe we investigate the chemical activity of the edges and find that hydrogen may adsorb at both the Mo edge and the S edge.
Based on the DFT results we construct a thermodynamic model for the MoS 2 edges allowing us to investigate their atomic structure under various conditions. It is shown that both the metallic and insulating edges may be stable depending on the ambient pressure and temperature. Moreover, in a hydrogen-rich environment, e.g., HDS conditions, we find that atomic hydrogen will be adsorbed at both the Mo edge and the S edge. The abundance of hydrogen at the edges is important since during the catalytic reaction the sulfurcontaining oil molecules are reduced by hydrogen.
Experimentally MoS 2 nanoparticles have recently been investigated using STM. 7 They were synthesized on a reconstructed Au͑111͒ substrate and were reported to have a triangular morphology. Based on the DFT calculations we simulate STM images of the MoS 2 edges and these images are then used to identify the experimentally observed edge structure. The STM experiment is also discussed in terms of the thermodynamic model. This paper is organized in the following way: in Sec. II the details of the DFT calculations are given and Sec. III describes the thermodynamic model for the MoS 2 edges. In Sec. IV the theoretical method used for simulating STM images is outlined. The atomic and electronic properties of bulk MoS 2 are presented in Sec. V and the STM imaging of the MoS 2 basal plane with and without an underlying Au substrate is discussed in the subsequent section. Section VII is devoted to an atomic and electronic structure analysis of the Mo edge. This includes a discussion of the influence of Au on the Mo edge. In Sec. VIII we investigate the possibilities for hydrogen adsorption at the Mo edge. Section IX is devoted to a study of the atomic and electronic structure at the S edge. Here we also investigate the possibilities for hydrogen adsorption at this edge termination. In Sec. X we discuss the effects caused by having finite-size MoS 2 edges. We compare the theoretical analysis with recent experimental STM data in Sec. XI and finally a summary is provided in Sec. XII.
II. SETUP AND CALCULATIONAL DETAILS
Bulk MoS 2 is a layered material and a single layer consists of an S-Mo-S sandwich. In each such layer the Mo atoms are arranged in a hexagonal lattice and are positioned in a trigonal prismatic coordination with respect to the two S layers. This implies that each Mo atom is coordinated by six S atoms. A single layer of MoS 2 can be terminated by two different low-Miller index edges: the sulfur-terminated (1 010) edge and the molybdenum-terminated (101 0) edge. They will be referred to as the S edge and Mo edge, respectively. A number of different structures are feasible at each of these edges, see Fig. 1 , but the more detailed description of their geometric structure is deferred to Secs. VII and IX.
The edges of single-layer MoS 2 are investigated in a model system consisting of a stripe of MoS 2 that is repeated in a supercell geometry, as illustrated in Fig. 1 . Along ͗0001͘ there is 8.8 Å of vacuum between the repeated planes and they are separated by 8.9 Å of vacuum in the direction perpendicular to the edges. The upper and lower sides of the stripe are terminated by the Mo edge and S edge, respectively. In the following the size of a MoS 2 stripe will be indicated by the number of Mo atoms in the (x,y) directions, (n x ,n y ), contained within a single unit cell.
The density-functional calculations are carried out as follows: [9] [10] [11] [12] The Kohn-Sham ͑KS͒ orbitals are expanded in plane waves with kinetic energies below 25 Ry. 13 The first Brillouin zone is sampled in a one-dimensional grid 14 with a separation of 0.16 Å Ϫ1 between neighboring k points. For a supercell having a periodicity of one in the x direction, see Fig. 1 , this corresponds to 12 k points. The ionic cores are replaced by ultrasoft pseudopotentials, 15 and in order to treat exchange and correlation effects the Perdew-Wang 1991 ͑PW91͒ functional is used. 16 First, the single-electron KS equation is solved by iterative diagonalization and the resulting KS eigenstates are populated according to the Fermi distribution. Then Pulay mixing of densities is applied, and the entire procedure is repeated until a self-consistent electron density is obtained. The total energies are subsequently extrapolated to zero temperature. 17 In all calculations the entire atomic structure is optimized by allowing the individual atoms to relax according to the calculated Hellmann-Feynman forces.
III. THERMODYNAMIC MODEL
In order to investigate the relative stability of the edge terminations under different thermodynamic conditions it is desirable to extend the DFT results to finite temperatures. In this section we shall derive an approximate scheme for calculating the Gibbs free energy of an MoS 2 edge in the presence of an atmosphere containing both H 2 S and H 2 . This model allows us to study the edges of MoS 2 in terms of a set of experimentally tunable parameters (T,p H 2 S ,p H 2 ), temperature and partial pressure of H 2 S and H 2 , respectively. The approach is based on a general methodology that has previously been applied in Refs. 18 -20.
A. Edge free energy
We consider an MoS 2 stripe on the form shown in Fig. 1 We now proceed to express the free energies of the solid states entering Eq. ͑3͒ in terms of their corresponding DFT energies. In general the Gibbs free energy can be written in terms of the Helmholtz free energy f as gϭ f ϩpV, where p is the pressure and V is the volume. For solids the last term is negligibly small and can be omitted. For the temperatures in question, TӶT F , the electronic degrees of freedom will be almost completely frozen out and thus f elec ӍE elec is a good approximation. We can then write the free energy of the solid as
where the electrostatic energy of the ions is included in E solid and f vib is the Helmholtz free energy due to the lattice vibrations. We now make the approximation and assume g solid ӍE solid , thus neglecting the vibrational contributions to the Helmholtz free energy. The edge free energy in turn becomes
The validity of this expression relies on the importance of f vib . Within the harmonic approximation for lattice vibrations this quantity is given by
where ⍀ BZ is the volume of the first Brillouin zone and the sum runs over all vibration modes. Since a large part of the MoS 2 stripe is bulklike we expect that the vibrational contributions from this region are canceled by the corresponding terms associated with N Mo g MoS 2 bulk , see Eq. ͑3͒. Hence the main approximation of Eq. ͑5͒ amounts to the omission of the lattice vibrations at the edges. The optical vibration frequencies of a sheet of MoS 2 have been measured at kϭ⌫ to be around 400 cm Ϫ1 using Raman spectroscopy. 22 In order to obtain an estimate of the corresponding Helmholtz free energy we assume the modes to be dispersionless and find f vib ϳ10 Ϫ2 eV per mode at room temperature. Hence, if the frequencies at the edges are not significantly changed the vibrational contribution will be small and thus Eq. ͑5͒ represents a reasonable approximation. If, on the other hand, the frequencies at the edges are significantly perturbed the validity of Eq. ͑5͒ will be more limited.
B. Chemical potentials
In this section we derive two expressions for the chemical potentials entering Eq. ͑5͒ that enable us to estimate these quantities in terms of the DFT energies for the isolated H 2 and H 2 S molecules. We start by examining the chemical potential of an ideal gas, gas (T,p). This quantity can be expressed in terms of a reference pressure, p 0 :
In general the chemical potential is given by ϭhϪTs, where h is the enthalpy and s the entropy. Hence we can write
where ⌬h gas (T,p 0 )ϭh gas (T,p 0 )Ϫh gas (Tϭ0 K,p 0 ) and E gas vib (Tϭ0 K) represents the sum of the zero-point vibration energies for the molecule.
In the presence of an atmosphere containing H 2 S and H 2 , sulfur may be exchanged with the MoS 2 stripe via the reaction
where (*) denotes a sulfur vacancy on the MoS 2 stripe. It is assumed that the reaction is in thermodynamic equilibrium. Assuming H 2 S and H 2 to behave like ideal gases infers
͑10͒
where Eq. ͑8͒ has been applied. 
where Eq. ͑8͒ has been applied.
C. Range of chemical potentials
In terms of Eqs. ͑10͒ and ͑12͒ the chemical potentials for sulfur and hydrogen may be estimated. However, these quantities cannot be varied without bounds and this section deals with the estimation of these bounds.
We start by examining the range of the chemical potential for sulfur, S . If it becomes too large the sulfur will prefer to form bulk sulfur and the solid state of MoS 2 becomes unstable. This upper bound can be written as
where in the last term we have applied the approximation for the free energy of a solid, discussed in Sec. III A. A similar argument also applies to bulk molybdenum and leads to the lower bound. The free energy of formation for MoS 2 , ⌬G f MoS 2 , is given by
Combining this expression with Eq. ͑2͒ yields
In order for MoS 2 to be stable against the formation of Mo it is required that Mo Ϫ Mo(bulk) у0 and the lower bound then follows from Eq. ͑15͒, 
͑21͒
When neglecting zero-point vibrations, ⌬E H can be identified as the total hydrogen binding energy in the zerotemperature limit. By combining Eqs. ͑19͒-͑21͒ we get
indicates the range of H within which hydrogen can be adsorbed on the MoS 2 stripe. The lower limit, of course, depends on the studied configuration.
D. Summary
The calculational procedure for the thermodynamic treatment can now be summarized: Equation ͑5͒ is used to calculate the edge free energy, ␥( S , H ), for different edge configurations. For given S and H the stable structure will be the one that minimizes ␥. The values of the chemical potentials can in turn be estimated through the experimental parameters, p H 2 S , p H 2 , and T, using Eqs. ͑10͒ and ͑12͒.
IV. STM ANALYSIS
The theoretical STM analysis is based on the TersoffHamann formalism. 25, 26 According to this treatment the tunneling matrix element between the tip and the surface is proportional to ͉ (r 0 )͉ 2 , where is an eigenstate of the investigated surface and r 0 is the position of the STM tip. This allows the tunneling current, I, to be written as
where n F () is the Fermi distribution function and U is the applied bias voltage. In the case of a small bias voltage Eq. ͑23͒ may be approximated by
leading to the well-known result that a constant current STM image simply reflects an isosurface of the local density of states ͑LDOS͒ at the Fermi level, (r 0 , F ). 25, 26 We use the KS orbitals obtained from a self-consistent density-functional calculation to evaluate the tunneling matrix elements. Due to the discrete sampling of the Brillouin zone the energy levels appearing in Eq. ͑24͒ are replaced by Gaussians of finite width. However, the choice of Gaussian width is somewhat subtle and some caution is required, in particular, when examining narrow-gap semiconductors. Such a material will not be imaged in STM using a small bias voltage but if the Gaussian width exceeds the band gap an artificial nonzero LDOS and, hence, also current results. For the simulated STM images presented in this paper the Gaussian width has been carefully chosen so that only the relevant parts of the metallic bands are included. Moreover, convergence of the corrugation of the simulated STM image requires that a dense k-point grid be used. The k-point grids used for simulating STM images of the MoS 2 stripes involve a sampling rate of 0.04 Å Ϫ1 . This should be compared with 0.16 Å Ϫ1 which is used for the energetical calculations. The contour value used to generate the STM image, i.e., the value of (r 0 , F ), is determined by matching the measured corrugation along the close-packed row of S atoms in the interior of an MoS 2 nanocluster with the corresponding calculated value. In the interior the effects of the edges are expected to be negligible and we model this region by an infinite MoS 2 slab deposited on an Au͑111͒ substrate. ͓The Au͑111͒ surface is modeled as a rigid two-layer slab assuming epitaxial growth of MoS 2 .͔ The corresponding line scan and STM image are shown in Fig. 2 .
Using a contour value of (r 0 , F )ϭ8.3 ϫ10 Ϫ6 (Å 3 eV) Ϫ1 the calculated corrugation, 0.22 Å, becomes equal to the experimentally measured value of 0.22 Ϯ0.05 Å. 27 The average height above the top S layer then becomes 2.72 Å. In Fig. 2 the simulated STM image shows the S atoms to be imaged as protrusions whereas the depressions are associated with Mo atoms. This is in agreement with previous studies of MoS 2 . 28, 29 The interaction between the Au surface and the MoS 2 slab will be analyzed in more detail in Sec. VI.
V. BULK MoS 2
As described in Sec. II bulk MoS 2 is a layered material. The individual S-Mo-S layers are weakly bound to each other by van der Waals forces and the unit cell consists of two such layers. They are stacked so that the Mo atoms of the upper layer are directly above the S atoms of the lower layer and vice versa. In Table I we compare calculated structural parameters for MoS 2 with their experimental counterparts.
It is noticed that the structural parameters for the S-Mo-S slab are in good agreement with the corresponding measured quantities. On the other hand the S-Mo-S layer separation is overestimated by 1.6 Å. This discrepancy is attributed to the fact that the van der Waals forces are poorly modeled within the applied generalized gradient approximation ͑PW91͒ for the exchange-correlation functional, see, e.g., Ref. 31 . In the absence of these forces the S-Mo-S layers will be less tightly bound and the calculated DFT equilibrium distance between the layers thus becomes overestimated.
Electronically bulk MoS 2 is known to be a semiconductor and in Table I both the experimental and calculated values of the direct and indirect energy band gaps are shown. It is seen that the energy gaps are underestimated by the DFT calculations. This is an error often encountered within DFT using local or semilocal exchange-correlation functionals. 32 For comparison the value of the indirect band gap has previously been calculated to be 0.77 eV. 28 It is also noticed that for a single layer of MoS 2 the indirect band gap is almost equal to 
VI. STM IMAGING OF MoS 2 BASAL PLANE
In the STM experiments a herringbone reconstructed Au surface 6 is used as a template for the growth of the MoS 2 nanoclusters. Hence the question arises as to whether the electronic structure of MoS 2 is strongly influenced by the presence of this substrate. Au is well known to be chemically inert 33 but clearly it must be important for the imaging of the interior of the nanoclusters since a nonzero current is measured in this region:
5 as pointed out in Sec. V an infinite sheet of MoS 2 is semiconducting with a band gap much larger than the experimentally applied bias voltage. Therefore, in the absence of Au the interior of the nanoclusters will not be imaged, disregarding effects caused by impurities.
We model the interior of the nanocluster by an infinite MoS 2 slab placed on an Au͑111͒ surface, see also Sec. IV. The distance between the Au surface and the bottom S layer is calculated to be 2.99 Å. Selected energy bands in the twodimensional Brillouin zone are shown in Fig. 3 along with the energy bands of MoS 2 and Au͑111͒ separately.
Here it is seen that the valence band of MoS 2 interacts with one of the metallic Au bands. Near the edges of the Brillouin zone, K and M, the metallic band of the MoS 2 /Au system resembles that of the unperturbed Au͑111͒ surface. On the other hand, near the ⌫ point the shape primarily identifies with the unperturbed MoS 2 valence band which has, however, now been shifted upwards by about 0.3 eV. The opposite behavior is noticed for the valence band of the combined system. All these observations have been verified by direct inspection of the corresponding KS wave functions. The interaction between the MoS 2 slab and the Au surface thus results in an avoided crossing between the metallic Au s band and the MoS 2 valence band. This has important consequences for the electronic structure of MoS 2 at the Fermi level. Even though the metallic band at k F will be dominated by the metallic Au state it will also have a small weight on the MoS 2 valence band. In this way the MoS 2 slab becomes weakly metallic when deposited on an Au͑111͒ surface, and this explains that a nonzero current is measured in the interior of the MoS 2 nanoclusters. The imaging of the interior of the nanoclusters is thus an effect caused by the presence of the Au substrate.
VII. Mo EDGE A. Edge configurations
The molybdenum-terminated (101 0) edge ͑Mo edge͒ exposes a row of Mo atoms leaving the Mo edge atoms with a coordination of only four S atoms. For this reason the clean Mo edge is energetically not stable 18, 34 and the Mo edge atoms prefer to be coordinatively saturated by the adsorption of additional S atoms. It has previously been reported that two configurations are feasible at the Mo edge. 18, 34 They are referred to as the S dimer and the S monomer configuration and are shown in Fig. 1 . Both involve the adsorption of S atoms and render the Mo atoms at the edge fully coordinated by six S atoms. The so-called S dimer configuration corresponds to adsorbing an additional row of S atoms at the edge where the S atoms are seen to form dimers in the z direction. Hence the S dimers are in registry with respect to the bulk S lattice. The S monomer configuration involves half the number of adsorbed S atoms but reconstructs in order to keep the coordination of the Mo edge atoms fixed at six. Therefore, the S monomers are shifted by half a lattice constant with respect to the S lattice, see Fig. 1 . In contrast to the S dimer configuration the S monomer configuration spontaneously breaks the symmetry of the lattice along the edge introducing a superstructure with a periodicity of two lattice constants: the bond length between the S monomers and the row of Mo edge atoms varies between 1.89 Å and 1.68 Å and the Mo edge atoms themselves are found to dimerize in the x direction with an amplitude of 0.16 Å.
B. Energetics
In this section the focus will be mainly on the relative stability of the S monomer and the S dimer configurations. First the energetics is investigated in the zero-temperature limit and we then extend the results to more realistic conditions using the thermodynamic model derived in Sec. III.
Edge configurations involving a different number of S atoms are related via the reaction in Eq. ͑9͒, and the energy cost associated with the removal of a sulfur atom at T ϭ0 K is then given by
neglecting the zero-point vibration energies of both the molecules and the solid. In the following we shall evaluate this quantity for the three edge terminations shown in Fig. 1 . For the S monomer configuration relative to the S dimer configuration we find ⌬E S ϭϪ0.12 eV/at., thus indicating that the S monomer configuration is slightly more stable than the S dimer configuration at zero temperature. On the other hand, the intermediate configuration has a positive value of ⌬E S with respect to the S dimer configuration, ⌬E S ϭ0.49 eV.
(⌬E S relative to the S monomer configuration is, of course, still negative.͒ This behavior is explained by the observation that the intermediate configuration does not reconstruct and hence exposes coordinatively unsaturated Mo edge atoms. In general we thus expect all intermediate configurations to be unstable relative to both the S monomer and S dimer configurations. This in turn implies that the transition from the S dimer configuration to the S monomer configuration is associated with an energy barrier and the value, ⌬E S ϭ0.49 eV, can be taken as a minimum value for the activation energy of this reaction.
The zero-temperature results can now be extended to more realistic conditions. The edge free energy is calculated using Eq. ͑5͒ and the values for the three configurations studied above are plotted in Fig. 4 as a function of the chemical potential of sulfur, S .
Since neither of these configurations involve the adsorption of hydrogen they are all independent of H . The more general treatment including the possibility of hydrogen adsorption will be presented in Sec. VIII. Figure 4 shows that the atomic structure at the Mo edge is dependent on the ambient conditions and temperature, and a change of stability occurs at S Ϫ S(bulk) ϳϪ0.21 eV. Below this value the S monomer configuration is stable while the S dimer configuration is preferred above this point. As expected, the intermediate configuration exposing unsaturated Mo atoms is not stable at any realistic value of S . We note that the results in Fig. 4 are consistent with previous work on MoS 2 presented in Refs. 18 and 35.
In Table II the chemical potential for sulfur is calculated for three sets of (T,p H 2 S ,p H 2 ) and the arrows in Fig. 4 refer to these situations.
It is noticed that S monomers are expected to be adsorbed at the Mo edge under HDS conditions. During STM imaging and sulfidation conditions, ͑I͒ and ͑S͒, S is significantly higher but Fig. 4 still suggests that S monomers are adsorbed at the Mo edge. It is also noticed that S during imaging is close to the transition point between the S dimer and S monomer configurations. This means that the two configurations are close in energy and the preferred structure is likely to be determined by, for example, additional interactions. Later we shall see that the presence of an Au substrate can significantly affect the position of the transition point.
C. Electronic structure
As discussed in Sec. V an infinite sheet of MoS 2 is semiconducting. However, terminating the MoS 2 slab by an Mo edge and an S edge changes the band structure significantly, see Fig. 5 .
When S dimers are adsorbed at the Mo edge three bands are seen to cross the Fermi level, implying the existence of three metallic states, labeled I-III. Direct inspection of the corresponding KS wave functions reveals that I and II are localized at the Mo edge whereas III is localized at the fully covered S edge. The two metallic wave functions at the Mo edge are shown in Fig. 5 Table II . Below the Fermi level the energy band of edge state I is seen in Fig. 5 to extend into the region of the MoS 2 bulk states. There the edge state may have a nonzero overlap with the bulk states. Due to this interaction hybrid bonding and antibonding states are formed resulting in an avoided crossing between the edge-state band and the bulk-state band. For this reason the edge states are in general expected to only exist within the MoS 2 band gap. A similar behavior is known for intrinsic surface states that emerge within the band gaps of bulk crystals. 37 When a surface-state band crosses the boundaries of this region it hybridizes with the bulk states and forms a so-called surface resonance.
In Fig. 5 the band structure of the Mo edge with S monomers adsorbed is also shown. There the number of metallic states is noticed to be one. Since the MoS 2 stripe has a fully covered S edge the metallic state, labeled III, can readily be identified with the metallic S edge state ͓also labeled III in Fig. 5͑a͔͒ . Still, the band structures of the two metallic edge states, III in Figs. 5͑a͒ and 5͑b͒, are noticed not to be completely identical, but a discussion of this difference is postponed to Sec. IX C. Returning to the Mo edge this means that there are no metallic edge states associated with this edge and it is thus rendered semiconducting by the S monomers. However, this observation does not necessarily exclude the existence of nonmetallic edge states. Indeed, the presence of such states is inferred by the reduced band gap. In Fig.  5͑b͒ the transition between the edge-state conduction band and the edge-state valence band is indicated. The energy gap is found to be 0.77 eV and this value is significantly smaller than the calculated direct bulk band gap of 1.64 eV ͑see Table I͒.
D. STM imaging
We have simulated STM images of both the S dimer configuration and the S monomer configuration. The former is shown in Fig. 6͑a͒ and it is seen that a bright brim extends in the row behind the S dimers.
The S dimers are also imaged clearly but there the protrusions are not associated with the S atoms themselves but appear in the interstitial region. This implies that in terms of the protrusions of the basal plane the protrusions at the edge are shifted by half a lattice constant. ͑It is remembered from Sec. VI that the S lattice and the protrusions in the bulk region coincide.͒ Next we focus on the imaging of the S monomer configuration. Since neither of the edge states are metallic the tunneling current is expected to be zero for a small bias voltage. However, by applying a voltage beyond the band gap tunneling states become available and in Fig.  6͑b͒ a simulated STM image of the S monomer configuration is shown for UϭϪ0.18 V. Here the presence of a bright brim that also extends in the row behind the S monomers is noticed. The protrusions of the brim are located at the S atoms but as the underlying atomic structure they display superstructure with a periodicity of two lattice constants. Moreover, the S monomers are noticed to be imaged very weakly. In summary these characteristic features should make the S monomer and S dimer configurations clearly distinguishable in a STM and will be the subject of a forthcoming publication.
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E. Interaction with Au substrate
In Sec. VI we found that the presence of a metallic Au͑111͒ surface has important consequences for the electronic structure of the insulating MoS 2 slab. In this section we shall study the influence of Au on the Mo edge. First the energetics of the edge is studied and we then investigate the interaction between the Au states and the metallic edge states.
In order to investigate the influence of Au we have carried out DFT calculations for a ͑1,6͒ MoS 2 stripe adsorbed on an Au͑111͒ surface with both S dimers and S monomers adsorbed at the Mo edge. The relative sulfur binding energy between these configurations, ⌬E S , is now found to be 0.19 eV per S atom. This implies that in the presence of the Au substrate the S dimer configuration has now become the most stable structure at the Mo edge at zero temperature. Comparing with the sulfur binding for the isolated edge, ⌬E S ϭϪ0.12 eV, the change of stability is 0.31 eV. A portion of this energy difference, however, derives from the size of the applied supercell. Since the unit vector in the x direction of the MoS 2 /Au system has the length of a single lattice constant the S monomers cannot achieve their lowest-energy configuration where the Mo edge atoms form dimers, as described in Sec. VII A. The energy gain associated with this superstructure is estimated to be 0.09 eV for the isolated Mo edge. The zero-temperature results can now be extended to more realistic conditions and in Fig. 7 the edge free energies of the S dimer and S monomer configurations in the presence of an Au substrate are compared.
Here it is clearly seen that the Au͑111͒ substrate influences the structural stability of the Mo edge, cf. Fig. 4 . The transition point between the two edge terminations has moved from S Ϫ S(bulk) ϳϪ0.21 eV for the isolated MoS 2 edge to Ϫ0.52 eV in the presence of the Au substrate. These changes are important for the STM experiment where the S dimer configuration is now noticed to be the most stable structure. In fact, this is the case during both imaging and sulfidation, ͑I͒ and ͑S͒, respectively. On the other hand the S monomer configuration is still clearly preferred under HDS conditions.
We now proceed to investigate the influence of Au͑111͒ on the electronic structure of the Mo edge with emphasis on the S dimer configuration. In Fig. 8 termination the atom projected density of states ͑ADOS͒ calculated for three different atoms in the MoS 2 stripe with and without an underlying Au surface. In general, it is seen that the interaction with the electronic Au states causes a broadening of the features in the ADOS as well as a small shift down in energy. For the S and Mo atoms at the Mo edge the electronic structure at the Fermi level remains essentially unchanged thus indicating that the metallic edge states are only weakly perturbed by the presence of Au. However, as expected from the discussion in Sec. VI the ADOS for the Mo atom in the interior of the MoS 2 stripe becomes nonzero within the intrinsic band gap of bulk MoS 2 . These trends are also reflected in the simulated STM image for the S dimer configuration shown in Fig.  8 . It is seen that the imaging of the metallic states localized at the edge is essentially unchanged by the presence of Au. When moving away from the edge the interaction with the substrate becomes clear, cf. Fig. 6͑a͒ . The LDOS at the Fermi level is now nonzero and the S atoms ͑Mo atoms͒ are imaged as protrusions ͑depressions͒. These observations are in agreement with the simulated STM image for the infinite MoS 2 /Au system shown ͑see Fig. 2͒ .
VIII. ADSORPTION OF HYDROGEN
It is well known that the basal plane of MoS 2 is chemically not very active. Experimentally it has been shown that organic molecules such as thiophene and butene only adsorb there at cryogenic temperatures. 39 Moreover, based on a DFT study Byskov et al. have reported 34 that hydrogen cannot form stable bonds with the MoS 2 basal plane. This indicates, as is generally accepted, that the chemically active sites in HDS must be associated with the edges and a few previous studies have therefore focused on the reactivity of the edges towards hydrogen. [40] [41] [42] As discussed in Sec. VII A the Mo edge atoms are fully coordinated when either of the two stable configurations, S dimers or S monomers, is present. This immediately suggests that the Mo edge is chemically inert. However, the electronic structure at the Mo edge is also influenced by the presence of edge states. These states may interact with the adsorbates and form stable chemical bonds. It should be stressed that the origin of such bonds will not be of a localized nature that can be accounted for by simple electron counting.
In the following we shall study the adsorption of atomic hydrogen at the Mo edge. The reason for this is twofold: first hydrogen may be regarded as a simple probe testing the chemical activity of the edges. Second, hydrogen is abundant under HDS conditions and during sulfidation of the MoS 2 clusters in the STM experiment. In relation to the HDS process the dissociative adsorption of hydrogen is important. It is often referred to as hydrogen activation and the activated hydrogen can then react with the sulfur atom of an adsorbed organic compound.
First the atomic structure for a number of different adsorption sites will be presented and we then extend the thermodynamic treatment of Sec. VII B to include the possibility for hydrogen adsorption at the Mo edge. Finally, the influence of hydrogen on the electronic structure and STM imaging is discussed.
A. Adsorption sites
A number of different adsorption sites for hydrogen have been found at both the S dimer and S monomer configurations. These sites are identified by first placing hydrogen in a number of different initial configurations. Then all atomic coordinates are relaxed according to the calculated forces and in this way a ͑local͒ minimum on the potential-energy surface for hydrogen is obtained. The atomic structures thus found are listed in Fig. 9 along with the calculated values for ⌬E H , see Eq. ͑21͒.
Here it is seen that only a single site is associated with an energy gain, ⌬E H Ͻ0. A weak bond, the configuration of Fig. 9͑g͒ , may be formed with the Mo edge when H adsorbs on every second S monomer. On the other hand, there are no stable configurations associated with the S dimer configuration. From Fig. 9 it is seen that three hydrogen configurations at this edge structure have ⌬E H close to zero, Figs. 9͑c͒, 9͑d͒, and 9͑f͒, and the binding energies per H atom are only separated by 0.07 eV. One of them is seen to involve the adsorption of two hydrogen atoms between the S dimers and the two others have H adsorbed atop both sides of the S dimers. For the two latter ones the adsorption of hydrogen causes the S dimers to split into two S-H groups. However, in thermodynamic equilibrium neither of these configurations is expected to be stable and hence only the configuration of Fig. 9͑g͒ is likely to exist at the Mo edge. This result also indicates that the S monomer configuration in general is chemically more active than the S dimer configuration.
B. Thermodynamic treatment
In Sec. VII B the relative stability of the S monomer and the S dimer configurations was examined in thermodynamic equilibrium. We now extend this treatment to also include the possibility for hydrogen adsorption and the edge free energy then becomes dependent on both S and H . Since the stable structure will be the one that minimizes the edge free energy, ␥, we can plot a diagram indicating the preferred structure for realistic values of S and H . Such a diagram is shown in Fig. 10 .
Here it is seen that by allowing for the adsorption of H on the MoS 2 stripe a new stable structure emerges for high values of H . This structure corresponds to the configuration in Fig. 9͑g͒ where a hydrogen atom is adsorbed on every second S monomer. In Fig. 10 the points ͑I͒ and ͑S͒ indicate the positions of the chemical potentials during the STM experiment. Due to their low value of H the adsorption of hydrogen at the Mo edge is seen not to be relevant under these conditions. Under HDS conditions, however, the chemical potential is right above the transition line where hydrogen will start to adsorb at the S monomers. This suggests that in this regime hydrogen is abundant at the edge in the form of S-H groups. The presence of hydrogen will also influence the electronic structure, and this issue will be addressed in more detail in the next section.
C. Electronic structure and STM imaging
In Sec. VIII B it was established that in thermodynamic equilibrium the configuration, where hydrogen is adsorbed on every second S monomer, may be realized for large values of H . In fact, this configuration was predicted to be observed under HDS conditions and its electronic structure must thus be important for understanding the catalytic properties of the Mo edge. In Fig. 11 it is seen that two metallic edge states exist.
The edge state labeled III is readily identified with the metallic edge state localized at the S edge. The other metallic state labeled I H is localized at the Mo edge. This shows that the adsorption of hydrogen changes the Mo edge from semiconducting to metallic. The metallic edge state is noticed to have a low occupation with k F ϭ0.07 Å Ϫ1 . A simulated STM image of the Mo edge is also shown in Fig. 11 . Like the STM images for the S monomer and S dimer configurations it is seen to have a bright brim extending along the row behind the adsorbates at the edge. However, the protrusions of the bright brim are now located at the Mo atoms. This implies that they will appear out of registry with the S lattice and thus with the protrusions in the bulk region. Moreover, the interstitial region between the S monomers is seen to be imaged rather than the S monomers themselves. This in turn implies that the protrusions at the edge will be in registry with the protrusions of the basal plane. In summary these characteristic features should make the S monomer ϩ H configuration clearly distinguishable from the clean S dimer and S monomer configurations using STM.
Next we focus on the S dimer configuration at the Mo edge. According to Sec. VIII B hydrogen is not expected to adsorb at this structure in thermodynamic equilibrium. However, experimentally MoS 2 clusters with S dimers adsorbed at the edges 5 have been exposed to doses of reactive H atoms. 43 This, of course, changes the binding energies for the hydrogen dramatically. In order to evaluate this new binding energy the term in Eq. ͑21͒, N H E H 2 /2, should be replaced by N H E H , where E H is the DFT energy for an isolated H atom. For the configurations Figs. 9͑c͒, 9͑d͒ , and 9͑f͒ the hydrogen binding energies now become ⌬E H ϭϪ4.51 eV ͑0.03 eV͒, Ϫ4.37 eV ͑0.17 eV͒, and Ϫ8.93 eV ͑0.17 eV͒, respectively. ͑In parentheses the binding energies in the presence of H 2 are indicated.͒ This shows that the configuration in Fig. 9͑f͒ where H atoms are adsorbed on both sides of every S dimer becomes by far the most stable configuration, the reason being that this structure is the one that can bind the most H atoms per unit edge length. The associated band structure is shown in Fig. 12 .
Comparing with the clean S dimer configuration it is seen that the number of metallic bands has remained constant, and the influence of hydrogen is simply to induce a small shift in energy of the two metallic bands at the Mo edge. As seen in Fig. 12 the imaging of the edge is also essentially unchanged, cf. Fig. 6 , retaining all the characteristic features of the clean edge. Table II. FIG. 11. A ͑2,6͒ MoS 2 stripe with S monomers ϩ H adsorbed at the Mo edge, see the configuration in Fig. 9͑g͒, and a fully 
IX. S EDGE A. Edge configurations
The sulfur-terminated (1 010) edge, the S edge, exposes a row of S atoms. This configuration, shown in Fig. 1 , is referred to as the fully covered S edge. It clearly breaks the symmetry of the S lattice along the edge: the S edge atoms form dimers and every second S dimer is pointing either up or down. The Mo atoms in the row behind are also found to dimerize in the x direction with a small amplitude of 0.1 Å. We have estimated the energy gain associated with this wobbling to be 0.23 eV. Vacancies can also be formed by removing S atoms from the edge. In contrast to the Mo edge neither of these configurations reconstructs. Hence having a coverage below 100% automatically implies the presence of coordinatively unsaturated Mo atoms. Two examples of such configurations are shown in Fig. 1 indicating the atomic structure of the 75% and 50% covered S edge.
B. Energetics
As for the Mo edge the different edge configurations at the S edge are related via the reaction in Eq. ͑9͒. We find for the 75% covered S edge that ⌬E S ϭ0.23 eV, see Eq. ͑25͒, relative to the fully covered S edge. Moreover, the removal of an additional S atom thus achieving a coverage of 50% yields ⌬E S ϭ0.64 eV. Therefore the creation of a vacancy and thus the exposure of unsaturated Mo atoms is an activated process and it becomes energetically increasingly expensive to remove additional S atoms. However, comparing these values with the formation energy of a single unsaturated Mo atom at the Mo edge, ⌬E S ϭ0.49 eV, we see that unsaturated Mo atoms are more easily accessible at the S edge. For this reason the S edge is expected to be chemically more active than the Mo edge, and this difference is, of course, important for the HDS process.
A number of adsorption sites for hydrogen has also been identified at the S edge using the same procedure as in Sec. VIII A for the Mo edge. Figure 13 displays the investigated configurations along with their calculated values for the hydrogen binding energy, ⌬E H .
In general, it is seen that the hydrogen bonds formed at the S edge are stronger than those at the Mo edge, cf. Fig. 9 .
Having a coverage of 50% Fig. 13 shows that ⌬E H is always positive indicating that stable hydrogen will not be present at low coverages (р50%). On the other hand, hydrogen may form stable bonds, ⌬E H Ͻ0, with the fully covered S edge. The adsorption of hydrogen causes the S dimer to split creating one or two S-H groups. In Fig. 13 it is noticed that the configuration of Fig. 13͑b͒ , where two H atoms are adsorbed on top of the two S dimers of a fully covered S edge, yields the strongest binding energy. In fact, the energy gain associated with the addition of two H atoms, see the configuration 13͑d͒, is large and negative. For the 75% covered S edge two stable configurations are seen to exist, the configurations Figs. 13͑e͒ and 13͑g͒ , having an energy difference of only 0.13 eV. Hence both structures are likely to exist for this coverage and their relative stability will depend on the temperature and partial pressure of hydrogen.
These results can now be extended to more realistic conditions by application of the thermodynamic model. In Fig. 14 is shown a diagram for the S edge indicating the stable structures for realistic values of S and H .
It is seen that four different structures may be present: at high values of S and low values of H having 100% coverage yields the lowest edge free energy. However, by decreasing S the creation of vacancies becomes more favored and at S Ϫ S(bulk) ϳϪ0.56 eV there is a change of stability. Below this value the 75% covered S edge is more stable. Reducing S further an additional vacancy is created at S Ϫ S(bulk) ϳϪ0.97 eV resulting in a coverage of 50%. It should be emphasized, though, that for the real S edge the coverage will not be reduced in steps of 25% but rather decrease continuously from a coverage of 100% as S is lowered. The stepwise reduction stems from the finite size of the unit cell parallel to the edge. Now, having a high value of H stabilizes the fully covered S edge and hydrogen will adsorb as shown in the configuration of Fig. 13͑b͒ . Due to the large energy gain associated with this structure, the configurations Figs. 13͑e͒ or 13͑g͒ do not become stable for any realistic value of S . In fact, as indicated by ͑H͒ in Fig.  14͑b͒ , the configuration is expected to be stable even under HDS conditions. ͑I͒ and ͑S͒ refer to the imaging and sulfidation conditions, respectively, during the STM experiment. It is seen that if an S edge is exposed a fully covered edge will be synthesized under sulfidation, but as imaging conditions are achieved hydrogen adsorption at the edge becomes favored.
C. Electronic structure
In this section we focus on the fully covered S edge with or without hydrogen adsorbed. The one-dimensional energy bands for these structures are shown in Fig. 15 .
For both systems the presence of three metallic states, denoted I, II, and III (III H ), is noticed. Since the MoS 2 stripes both have S dimers adsorbed at the Mo edge, the states I and II are readily identified with the two onedimensional, metallic edge states localized at the Mo edge. ͓Because the supercell contains two rows of Mo atoms in the x direction, II is seen to be zone folded, cf. Fig. 5͑a͒ .͔ Direct inspection of the remaining states III and III H reveals that they are both localized at the S edge. For the clean S edge, III is seen in Fig. 15 to approach the Fermi level when moving towards the Brillouin-zone boundary without actually crossing it. A difference compared to Fig. 5 is noticed: there the energy band of the edge state III is seen to cross the Fermi level. This derives from the superstructure displayed by the fully covered S edge. Since the calculation presented in Sec. VII C was performed with a supercell containing only a single row of Mo atoms it did not allow for the superstructure to be formed. The difference between the two bands thus reflects the changes caused by the wobbling of the fully covered S edge. Adsorbing H on the S dimers changes the band structure of the S edge state, now denoted III H . Figure 15 shows that the edge state has become truly metallic and crosses the Fermi level at k F Ӎ0.15 Å Ϫ1 . Contour plots of the metallic edge states III and III H are also displayed in Fig. 15 . For the clean S edge the edge state III is characterized by two chemical bonds: the d-d bond between the first row Mo atoms and the p-d bond between the same Mo atoms and the S atoms at the edge. Like the atomic structure, the bonds exhibit a periodicity of two along the edge. The d-d bond is seen to be between the Mo atoms that belong to different dimers. In contrast, the Mo atoms only couple with the S dimers located in the direction of the dimerization. Turning to the other metallic edge state III H , it is generated when H adsorbs on top of every S edge atom. Figure 15 shows that it is primarily characterized by the bond between the p orbital on the lower S atom at the edge FIG. 14. A diagram indicating the stable structures at the S edge for different values of ( S , H ). The labels refer to the three experimental situations listed in Table II. FIG. 15. ͑Color͒ Top: Comparison of the one-dimensional energy bands at the Fermi level for a ͑2,6͒ MoS 2 stripe having a fully covered S edge with ͓red, the configuration in Fig. 13͑b͔͒ and without H adsorbed ͓green, 100% coverage in Fig. 1͔ 
D. STM imaging
STM images have been simulated for the fully covered S edge with and without hydrogen. They are displayed in Fig.  16 and for the fully covered S edge the following characteristic features are noticed. A bright brim is seen to extend in the row behind the edge. As the underlying atomic structure it displays a clear superstructure with a periodicity of two lattice constants. This periodicity is also retained at the outer row of S atoms where only the elevated S dimers are imaged. The simulated STM image for the fully covered S edge has the periodicity of the lattice, see Fig. 16͑b͒ . It has a bright brim that extends in the row behind the edge. Furthermore, the S-H groups are noticed to be imaged clearly. In summary these characteristic features should make the two configurations clearly distinguishable in STM.
X. EFFECTS CAUSED BY FINITE-SIZE EDGES
The theoretically studied MoS 2 stripes have infinite edges and it is certainly possible that when such stripes are terminated by corners, changes in both the electronic and atomic structure of the edges may occur. This section is devoted to a study of these effects where the emphasis will be on the Mo edge with S dimers adsorbed.
In order to investigate the finite-size effects we have carried out DFT calculations for small MoS 2 triangles. The calculational details are presented in Sec. X A and the electronic and structural changes caused by the triangular shape are then studied in the subsequent section.
A. Calculational details
We have carried out DFT calculations for three differently sized MoS 2 triangles, all exposing the Mo edge with S dimers adsorbed. The islands have Nϭ4 -6 S dimers adsorbed along the edges. Each supercell contains a single MoS 2 triangle and the repeated triangles are separated by approximately 10 Å. 44 At the corners of the MoS 2 triangles a number of different atomic structures are feasible. We have investigated three different configurations with either an S dimer, an S monomer, or a vacancy present at the corner Mo atom. The sulfur binding energy is calculated using Eq. ͑25͒ and we find that the vacancy corresponds to the energetically most stable configuration. This result is not surprising since a vacancy renders the corner Mo atom coordinated by six S atoms.
B. Electronic and structural effects
We first focus on the Nϭ4 MoS 2 triangle shown in Fig.  17 . Inspection of the electronic structure around the Fermi level reveals the presence of three states that are reminiscent of the metallic S dimer state, referred to as edge state I in Sec. VII C. Their eigenvalues are ϭϪ0.10 eV, 0.06 eV, and 0.06 eV and the wave functions are shown in Figs.  17͑a͒-17͑c͒ .
The triangle has a C 3 symmetry and the state of Fig. 17͑a͒ can thus be identified with the A representation of this group. On the other hand the two degenerate states belong to the two-dimensional E representation.
In order to understand the underlying physics we adopt a simple tight-binding picture. This is justified by the observation that the energy band of the metallic S dimer state for the infinite edge, see Fig. 5 , is seen to closely resemble the wellknown shape of a one-dimensional tight-binding band, (k)ϭ 0 ϩ2t edge cos(k), where 0 is the center of the band and t edge is the hopping matrix element between neighboring S dimers. With this identification we estimate t edge to be of the order of 1 eV. The energy splitting of the S dimer states in Fig. 17 , ␦ϳ0.1 eV, can then be taken as the measure for the hopping matrix element between the different edges, t corner . This implies that at the corners of the MoS 2 triangle the hopping matrix elements are an order-of-magnitude smaller than along the edges. t corner thus only needs to be treated as a first-order perturbation connecting the three otherwise isolated, finite chains of S dimers. In Fig. 17 the phase of the p orbitals is noticed to change by between the two central S dimers. Following the lines of the discussion above this pattern can be understood within a tight-binding picture: the S dimer states extending along the individual edges may simply be regarded as eigenstates of the finite tight-binding Hamiltonian.
We shall now study how the triangular shape influences the STM imaging. Since the MoS 2 triangles are of finite size they will have a discrete excitation spectrum. At small bias voltages Eq. ͑24͒ applies but due to thermal smearing, states that are approximately within the range of k B T of the Fermi level will contribute to the current. In Fig. 17͑d͒ a simulated STM image of the Nϭ4 MoS 2 triangle is shown. For this image the Gaussian width is set to 50 meV. It is seen that the effects of the corner discussed above are also clear from the STM image in Fig. 17͑d͒ where the interstitial regions between the two central S dimers are noticed to have more pronounced protrusions. This is explained by the observation that when there is a change of phase by between two neighboring p orbitals, the lobes in the interstitial region will begin to interfere constructively instead of destructively. Consequently, this region will also have more pronounced images.
In the following we discuss how this effect carries over to larger triangles. In Fig. 18 the singlet S dimer states closest to the Fermi level are shown for Nϭ4 -6.
Again it is noticed that the corners introduce standing wave patterns along each of the edges. However, for Nϭ6 a small structural relaxation of the S dimers is also observed. Along each edge the S dimers are found to form two groups of trimers. Such a structural relaxation will also influence the STM imaging. In general, it is expected that if the distance between two dimers is decreased the overlap between the p orbitals is changed: the destructive interference between the lobes of these orbitals becomes stronger and the resulting intensity of the protrusion is weakened. The opposite effect will, of course, be relevant when the distance between two S dimers is increased. Recently Schweiger and co-workers have presented calculations for larger MoS 2 triangles having up to ten S dimers adsorbed along each edge. 35 For this size of triangles they report the S dimers to show a weak pairing parallel to the edge. According to the discussion above and in agreement with a simulated STM image of the MoS 2 triangle, see Ref. 35 , the resulting protrusions along the Mo edge show a superstructure where every second protrusion is imaged more clearly than its two neighbors. Our DFT calculations for the Nϭ6 MoS 2 triangle have shown a similar pairing for the S dimers along a single edge. This configuration is, however, metastable with an energy difference of 0.54 eV to the unpaired stable structure. We stress that the pairing of the S dimers must be an effect caused by the finite length of the MoS 2 edges, and based on the investigation of the MoS 2 stripes the pairing is expected to disappear in the limit of an infinite MoS 2 edge.
XI. RELATION TO STM EXPERIMENTS
In this section we will relate the theoretical analysis presented in this paper to a recent STM experiment on MoS 2 . 8 First we briefly outline the details of the STM experiment and give a description of the recorded STM images. The experimental images are then compared with their simulated counterparts. Finally, the STM experiment is discussed in relation with the thermodynamic treatment.
The STM experiment is performed in ultrahigh vacuum ͑UHV͒ using a reconstructed Au͑111͒ surface as a template. Triangular shaped, single-layer MoS 2 islands are then synthesized on the substrate with the parameters given in Table  II . For imaging the temperature is lowered to 300 K and UHV conditions are achieved. The STM images are recorded in constant current mode with a bias voltage in the mV range. For more experimental details, see Ref.
7. An experimental STM image of a single-layer MoS 2 triangle is shown in Fig. 19 .
The triangular shape implies that all three sides will be terminated by the same type of edge, i.e., either an Mo edge or an S edge. In Fig. 19 it is clearly seen that a bright brim of high conductance extends in the row behind the edges. As discussed in Sec. VI the nonzero current measured in the interior of the cluster is due to the Au substrate and we can associate the protrusions in this region with the triangular S atom lattice. However, in terms of this lattice the protrusions in the outermost row are seen to be shifted by half a lattice constant. The intensity of these protrusions also shows a variation with a periodicity of two lattice constants: every second protrusion is imaged more clearly than its two neighbors.
Comparing with Fig. 6͑a͒ we see that the characteristic features observed for the MoS 2 triangle are also retained in the simulated image of an Mo edge with S dimers adsorbed. We are thus led to conclude that the observed edge structure can be associated with this configuration. There is, however, a difference between the two images. As described above, the experimental image displays a superstructure along the edges that is not retained in the simulated image of the infinite MoS 2 edge. This suggests that the observed superstructure is due to the finite length of the edges of the experimental structure. In fact, as discussed in Sec. X B recent DFT calculations on finite-size Mo edges display a similar periodicity due to a pairing of the S dimers.
In summary we have established that during the imaging of the MoS 2 triangles their sides are terminated by an Mo edge with S dimers adsorbed. In terms of the thermodynamic treatment this corresponds to situation ͑I͒ in Table II . Referring to Fig. 7 it can be seen that in the presence of the Au͑111͒ substrate the S dimer configuration is indeed the most stable structure. In fact, the S dimers are expected to be stable even during sulfidation. We emphasize that a different result would be obtained if the effect of the substrate was omitted. In that case the calculations for the isolated Mo edge show that the S monomer configuration is the more stable structure, cf. Fig. 4 .
XII. SUMMARY
We have presented a detailed investigation of both the electronic and atomic structure of the edges of single-layer MoS 2 . Depending on the edge termination several onedimensional metallic edge states have been identified at both the Mo edge and the S edge. These intrinsic metallic states may be regarded as one-dimensional analogs to twodimensional surface states. However, we have also identified a single edge configuration, the Mo edge with S monomers adsorbed, that is found to be semiconducting.
Using hydrogen as a probe the chemical activity of both the Mo edge and the S edge has been investigated. We find that the strongest hydrogen bonds are formed at the S edge thus suggesting this edge to be chemically more active than the Mo edge. However, a weak bond may also be formed between hydrogen and the Mo edge when S monomers are present.
In order to extend the DFT energies to finite temperatures a scheme for calculating the edge free energy in the presence of molecular H 2 and H 2 S has been derived. We find that under HDS conditions hydrogen is expected to be adsorbed at both the Mo edge and the S edge in the form of S-H groups. The availability of activated hydrogen is an important prerequisite for the HDS process, and the results suggest that in order to understand the catalytic nature of the MoS 2 edges the presence of S-H groups must be taken into account. At the Mo edge it has been shown that both the insulating and the metallic edges may be stable. A metal-toinsulator transition can, for instance, be realized by suitably adjusting the partial pressures of H 2 S and H 2 .
The theoretical analysis has also been applied to a recent STM experiment on MoS 2 nanostructures. Simulated STM images have been compared with their experimental counterparts thereby providing an identification of the experimentally observed edge structures. It is found that the edges of the nanoclusters are associated with one-dimensional metallic edge states and the triangles can thus be regarded as closed, nanometer-sized wires. In general, we expect that these one-dimensional, metallic edge states will also pertain to other geometries, such as steps of the ͑0001͒ surface of bulk MoS 2 . Having, for instance, an Mo edge with S dimers adsorbed, the step edge will be metallic having two localized, one-dimensional conducting channels. We suggest that such structures can be used as templates for future experimental studies of one-dimensional metallic systems on the nanometer length scale. 45 
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